Porcine hepatocytes are currently being investigated as a therapy for patients suffering from acute liver failure. Incorporating hepatocytes in an extracorporeal device that would stabilize a patient until transplantation or recovery could dramatically decrease the mortality rate associated with this disease. The ability to maximize hepatocyte function would contribute significantly to being able to provide the required cell mass in a device of reasonable size. Several approaches have been effective at increasing rat hepatocyte function in vitro, including coculture with nonparenchymal cells. In this study, we investigated the effect of the addition of 3T3 cells to porcine hepatocyte culture and found that while there was an increase in albumin secretion, there was little or no effect on urea synthesis or cytochrome P450 activity.
INTRODUCTION
therefore, the size and cost of the device. Extensive studies using rat hepatocytes have demonstrated that several Liver assist devices containing porcine hepatocytes approaches, including the use of extracellular matrix, are currently under development to treat patients sufferspecialized culture media, and coculture with other cell ing from acute liver failure. Porcine hepatocytes perform types, have been successful at increasing and maintainmany necessary differentiated liver functions and could ing differentiated function (3,7, 15, 16, 18) . Rat hepatoprovide the necessary support needed to bridge patients cytes cultured with nonparenchymal cells have shown to transplantation or stabilize a patient whose own liver stable morphology as well as sustained albumin secremight be able to recover. Development of these devices tion and cytochrome P450 activity for several weeks in is complicated by the fact that primary porcine hepatoculture. Furthermore, rat hepatocyte studies have shown cytes do not maintain their function for prolonged perithat organizing the two cell types in a pattern that ods of time in vitro. As previously reported (10), porcine controls the heterotypic interactions can result in a sighepatocyte isolation in our laboratory generates about nificant enhancement of differentiated function (4-6). 10 10 cells with approximately 90% purity. The cells While these studies are promising, rodent cells are not a maintain characteristic hepatocyte morphology for about likely source for clinical applications. Consequently, in 2 weeks in culture and then develop a less differentiated this study, porcine hepatocytes were cultured with the appearance. Secretion of albumin initially increases with murine fibroblast 3T3 cell line reported to improve the time in culture, reaching a peak between days 7 and 10.
in vitro function of rat hepatocytes. Albumin secretion, At this point, albumin secretion decreases to a low level urea synthesis, and cytochrome P450 activity were meathat is maintained for at least 4 weeks. The cytochrome sured over several weeks of culture in order to determine P450 activity is more labile in culture and falls to undeif the coculture system could maintain and/or enhance tectable levels by day 5 (2,10). However, this decrease the function of porcine hepatocytes. in cytochrome P450 activity does not appear to represent complete dedifferentiation because incubation with an MATERIALS AND METHODS inducing agent such as phenobarbital will restore activ-Cell Procurement and Culture ity even after a week in culture (2,11).
Hepatocytes were isolated from either Yorkshire/ The ability to increase or maintain hepatocyte func-Hampshire crossbred pigs weighing 7.3 ± 3.0 kg (EM tion would greatly enhance the development of a bioar-Parsons, Hadley, MA) or adult Hanford minipigs tificial liver by reducing the number of cells needed and, 732 GREGORY ET AL.
(Charles River Laboratories, Wilmington, MA) weigh-Pro software linked to a SpectraMax 250 plate reader (Molecular Devices, Sunnydale, CA). For immunohisto-ing 65.0 ± 4.0 kg as previously reported (10). 3T3 cells were obtained from the ATCC (Manassas, VA) and the chemical analysis of intracellular albumin, hepatocytes were fixed in 4% paraformaldehyde. Following addition 3T3-J2 line was generously provided by Dr. Mehmet Toner. These cells were grown to preconfluence in cul-of biotinylated rabbit anti-swine albumin antibody (Dako, Carpinteria, CA), binding was detected by addi-ture medium consisting of DMEM (Life Technologies, Grand Island, NY) with high glucose supplemented with tion of a streptavidin-chromogen complex (Dako). Urea synthesis was assayed using a colorimetric 10% bovine calf serum and 10 IU penicillin and 10 µg streptomycin (BioWhittaker, Walkersville, MD). Cells method for determination of urea nitrogen (Sigma Diagnostics kit #535). Urea is reacted with diacetyl monox-were passaged prior to becoming confluent by trypsinization in 0.01% trypsin (Life Technologies) in 0.01% ime to form a chromogen and hydroxylamine; urea concentration is directly proportional to the change in EDTA but were not used for more than 10 passages. Human dermal fibroblasts were obtained from neonatal absorbance at 540 nm. To measure cytochrome P450 activity, cultures were incubated for 3 h at 37°C with 5 foreskin (17) and the same protocol was used to isolate dermal fibroblasts from skin biopsies of the porcine liver µM benzyloxyresorufin (Molecular Probes, Eugene, OR) in Williams' E culture medium without phenol red. donors.
In control cultures, hepatocytes were plated on 60-Dicumarol (80 µM, Sigma) was included in the incubation to limit cytosolic degradation of the fluorescent re-mm tissue culture dishes (Corning, Corning, NY) at densities ranging from 23,000 to 47,000 cells/cm 2 . The sorufin end product. Samples were analyzed in a Turner 450 fluorometer at 540 ex and 585 em nm and resorufin for-plates were precoated with 4.0 µg/cm 2 type I bovine collagen (Organogenesis Inc.). The hepatocytes were cul-mation quantified using a standard curve that was linear from 0.5 to 130 nM. tured in 4 ml of Williams' E media supplemented with 1% newborn calf serum, 4.5 g/l glucose, 0.5 U/ml bo-RESULTS vine insulin, 7 ng/ml glucagon, 7.5 µg/ml hydrocortisone, 10 mM HEPES (Sigma St. Louis, MO), 20 ng/ To determine if the presence of nonparenchymal cells would enhance or stabilize the differentiated function of ml EGF, 200 mM glutamine (Life Technologies), 10 IU penicillin, and 10 µg streptomycin (BioWhittaker). Cul-porcine hepatocytes, 3T3 cells and the 3T3-J2 subclone were investigated because of the promising results in ture medium was changed on day 1 postisolation and every 2-3 days thereafter. Media samples taken at each studies of rodent hepatocytes (3,5). In these experiments, the cells were added to the hepatocyte cultures change were stored for assay of albumin and urea.
In the coculture studies, the cells were seeded under immediately after plating on the day of isolation. The orientation was random; there was no attempt to control the same conditions but in the presence of 10% serum. Equal numbers of hepatocytes and nonparenchymal cells the pattern of interaction. The effect of coculture on albumin secretion, urea synthesis, and cytochrome P450 (5 × 10 5 of each cell type) were added to the 60-mm tissue culture dishes at the time of plating. In some ex-activity was then evaluated over a 3-week period. Albumin secretion, an indicator of synthetic function, periments, other cell ratios were also evaluated: 7.5 × 10 5 fibroblasts with 2.5 × 10 5 hepatocytes (3:1), and 2.5 × traditionally has been a measure of differentiated hepatocyte function. Consequently, albumin secretion has 10 5 fibroblasts with 5 × 10 5 hepatocytes (0.5:1). The medium was changed on day 1 to the control medium con-been included in our evaluation of porcine cell function despite the variability observed in the amount of secre-taining 1% serum and the cultures were maintained as described.
tion by cells from different isolations and the fact that it is unlikely to be an important therapeutic indicator. Even Detemination of Cell Function though the absolute amounts of albumin varied in the control cultures, the presence of 3T3 or 3T3-J2 cells in-Albumin secretion was measured using a competitive ELISA format. Maxisorp microtiter plates (Nunc, Roch-creased albumin secretion in each experiment (n = 10 hepatocyte isolations). During the first week of culture, ester, NY) were coated with 200 µg/ml porcine albumin (Accurate Chemical, Westbury, NY). After a wash step the amount of albumin secretion was similar in the absence or presence of 3T3 cells. In the next 2 weeks of with Tween 20 (Pierce Chemical, Rockford, IL), 50 µl of sample or standard was incubated with HRP-conju-culture, however, albumin secretion from hepatocytes cultured with either 3T3 cells or the 3T3-J2 subclone gated goat anti-pig albumin antibody (Bethyl Labs, Montgomery, TX) for 90 min. Color was produced by increased as much as fivefold and eightfold, respectively (Fig. 1) . During the 3-week culture period, the albumin addition of OPD substrate (Pierce, Rockford, IL) and the reaction was stopped with the addition of H 2 SO 4 . secretion per day averaged 14.2 ± 4.1 µg/10 6 cells/day for the controls and 81.2 ± 15.6 µg/10 6 cells/day in the Absorbance at 490 nm was determined using SoftMax presence of an equal number of 3T3 cells. Increasing the when added to hepatocytes already in culture, 3T3 cells were added to established hepatocyte cultures on day 9 ratio of fibroblasts to hepatocytes to 3:1 or decreasing the ratio to 0.5:1 resulted in an average secretion of postisolation (Fig. 2) . This resulted in a slight, but not significantly different, increase in albumin secretion 106.9 ± 23.2 µg/10 6 cells/day and 98.4 ± 24.4 µg/10 6 cells/day, respectively (mean ± SE, n = 7). Statistical compared with controls.
The effect of fibroblast coculture on intracellular al-analysis using multiple t-tests indicated that the average secretion of the control cultures was significantly differ-bumin was also evaluated. During the first week of culture, the control and coculture systems appeared to ent from the coculture configurations but the three different fibroblast ratios were not different from each have similar amounts of intracellular albumin. Control cultures showed an increase in intracellular albumin dur-other.
In all experiments, the time course was similar in that ing week 2 that decreased in the third week of culture to levels that were not detectable with our in situ staining coculture had no detectable effect on albumin secretion during the first week of culture. The mechanism under-protocol. In a pattern that mimicked the secretion, coculture appeared to increase intracellular albumin lying the timing of this effect is not understood. To determine if the nonparenchymal cells are effective after 2 weeks and the decrease in stored albumin was Figure 2 . Effect of timing of fibroblast addition. In this experiment, 5 × 10 5 3T3 cells were added to hepatocyte cultures 9 days postisolation. Media samples were taken throughout the culture period and assayed for albumin as described.
not observed until the fourth week of culture (data not µg/10 6 cells/day observed in the presence of 3T3 cells. Increasing the number fibroblast threefold or decreasing shown).
Unlike albumin secretion, NH 3 clearance and cyto-by 50% also did not increase urea synthesis (89.1 ± 11.0 and 34.9 ± 12.0 µg/10 6 cells/day, respectively, n = 10). chrome P450-mediated detoxification are two key liver functions that are likely to be important in therapeutic Cytochrome P450 activity was measured by the conversion of benzyloxyresorufin (BROD) to resorufin. The efficacy. In our experiments, coculture did not increase or prolong the maintenance of these activities in culture.
amount of resorufin-associated fluorescence was determined after a 3-h incubation with BROD. Cytochrome The lack of effect of coculture on urea synthesis is illustrated in Figure 3 . In the experiment shown, the average P450 activity has been the most labile function in our porcine hepatocyte cultures. Typically, conversion to re-urea synthesis of 80.8 ± 16.2 µg/10 6 cells/day by the control cultures was actually higher than the 48.4 ± 11.8 sorufin is highest in the first few days postisolation and decreases to undetectable limits within 5-7 days in the not show any additional benefit when compared with the random cocultures (n = 4 isolations). absence of any pharmacological inducing agents (2,10).
The addition of nonparenchymal cells to the hepatocyte
In contrast to the results reported for rat hepatocytes, these data indicated that coculture played only a limited cultures did not increase the amount of resorufin produced during the first week of culture nor did it result role in enhancing function in hepatocytes isolated from juvenile pigs. To investigate if this could be due to dif-in longer maintenance of activity (Fig. 4) . In a related series of experiments, deethylation of 7-ethoxycoumarin ferences in donor age, preliminary experiments tested the effect of coculture using hepatocytes isolated from and lidocaine clearance were also monitored as additional indicators of cytochrome P450 activity. Neither adult Hanford minipigs. The isolation protocol was the same as described for the juvenile donors with an aver-function was elevated nor sustained in the coculture systems (data not shown).
age yield of 1.6 × 10 10 cells and viability of 75% (n = 3 isolations). Although the results only represent three As mentioned previously, these results were obtained using cultures in which the nonparenchymal cells were different isolations, the effect of coculture on the adult hepatocytes was not remarkable. As illustrated in Figure  added randomly to the hepatocyte cultures. To evaluate configurations in which this interaction was more con-5, albumin secretion was actually lower in the coculture configuration, urea synthesis was slightly higher (but not trolled, various approaches were used to generate specific patterns of cell distribution in the 60-mm culture statistically significant) than controls, and there was no effect on conversion of BROD to resorufin (Fig. 6 ). plates. For example, stainless steel screens were used to generate a mask upon which porcine hepatocytes were DISCUSSION plated. After 18 h, the screens were removed and fibroblasts added to the cultures. Visual observations indi-Currently, there is a high level of interest in using porcine hepatocytes for therapeutic purposes in an extra-cated that the fibroblasts attached to the areas that were left bare by the masking technique. Total surface area coporeal device to support patients in liver failure. In addition to the Phase II/III clinical trials of the Circe available for attachment ranged from 644 to 1400 mm 2 . In addition, to further control the heterotypic cell-cell HepatAssist device that are under way, a number of other companies such as Vitagen, Excorp, and a variety interactions, micropatterned surfaces (generously supplied by Dr. Mehmet Toner) were designed to establish of clinical investigators are evaluating porcine hepatocyte efficacy (9, 14, 19, 20) . Consequently, any means of specific patterns of hepatocyte attachment prior to the addition of fibroblasts. This micropatterning approach significantly increasing or sustaining differentiated hepatocyte function in vitro is of potential interest. The created a seeding pattern such that hepatocytes were encompassed by fibroblasts. While optimization of the het-effect of addition of nonparenchymal cells to hepatocyte cultures has been extensively studied with rodent cells. erotypic cell interactions has been shown to influence functional upregulation in rodent studies (4-6), it did
The initial observation of Langenbach et al. (13) that an Figure 4 . Effect of coculture on cytochrome P450 activity. Hepatocytes and 3T3 cells (5 × 10 5 of each cell type) were seeded as previously described. At the indicated days in culture, benzyloxyresorufin was added to the culture media for 3 h to assess conversion to the fluorescent product, resorufin.
Figure 5.
Effect of coculture on adult porcine hepatocyte function. Equal numbers (5 × 10 5 cells) of 3T3 cells and hepatocytes obtained from adult pigs were seeded as described. Media samples were collected and assayed for albumin as described using a standard competitive ELISA. Urea samples were similarly collected and assayed for urea synthesis after incubation with diacetyl monoximine, which generates resulting hydroxylamine and a chromogen with absorbance at 540 nm.
irradiated feeder layer stabilized adult rat hepatocytes the extent of heterotypic cell interaction resulted in a 10fold increase in liver-specific function. was expanded upon by Guguen-Guillouzo et al. (8, 12) in studies investigating coculture with rat liver epithelial A similar increase in the magnitude and maintenance of porcine hepatocyte function could justify the compli-cells. While albumin secretion has been the most widely used indicator, many studies have shown that the pres-cations involved in including a second cell type in a therapeutic device. Consequently, in these studies, we ence of these nonparenchymal cells led to an increase in rat hepatocyte function that is maintained for weeks examined the effect of 3T3 cells as well as the J2 subclone on cultures of primary hepatocytes isolated from to months (3,7,8,12,13,18). Bhatia and colleagues exploited microfabrication technology to evaluate the im-juvenile donors. The presence of these nonparenchymal cells did increase albumin secretion but not until the sec-pact of micropatterning on these cell-cell interactions (4-6). Their results indicated that the murine fibroblast ond week in culture. This delay in the effect of coculture has been seen in other studies. Bhatia et al. observed a cell line, 3T3-J2, was the most effective of a variety of nonparenchymal cells investigated and that optimizing lag of 3 days for albumin and 7-10 days for urea synthe- Despite the increase in albumin secretion during
